The genetic and antigenic variation in 12 Sindbis (SIN) virus isolates from four zoogeographic regions (Paleoarctic, Ethiopian, Oriental and Australian) has been examined at a molecular level. RNase T1 oligonucleotide fingerprinting of genomic RNA from SIN isolates revealed that the primary structure of the RNA from viruses from each zoogeographic region was unique. The E1 and E2 glycoproteins and the capsid protein of two isolates from each zoogeographic region were compared by tryptic peptide mapping with the Egyptian prototype strain AR-339. Tryptic peptide maps of viruses from Sicily and the Ethiopian region were similar to those of the prototype; maps of isolates from the Oriental and Australia regions were different from each other and from those of the prototype strain. Viruses from each of the four zoogeographic regions were analysed antigenically by neutralization with polyclonal serum to AR-339 and by enzyme-linked immunosorbent assay with an anti-E2 monoclonal AR-339 antibody. Clear antigenic divergence of SIN isolates into two groups, representing the Paleoarctic-Ethiopian and Oriental-Australian regions were demonstrated. These results support a hypothesis which proposes that ancestral SIN virus diverged into two distinct groups. The genetic changes have resulted in further phenotypic divergence within the geographic varieties.
INTRODUCTION
Sindbis (SIN) virus is a member of the genus alphavirus in the Togaviridae family (Berge, 1975) , and a member of the Western equine encephalitis (WEE) serocomplex (Karabatsos, 1975) . The virus is widely distributed throughout much of the Old World, where various species of mosquitoes serve as primary enzootic vectors; birds are usually its major vertebrate host (Taylor et al., t955; Weinbren et al., 1956; Shah et al., 1960 . Doherty et al., 1963 .
Antigenic variation in alphaviruses has been well documented (Casals, t961, 1964; Karabatsos et al., 1963; Henderson, 1968; Roehrig et al., 1982) . Young & Johnson (1969) reported that Venezuelan equine encephalitis (VEE) virus strains displayed antigenic variation that could be correlated with geographic origin. Similar findings were reported by Clarke (1963) for six SIN virus isolates.
The SIN virion is enveloped, with a nucleocapsid which is composed of a single potypeptide species surrounding a single positive-stranded genomic RNA (Compans, 1971) . The surface of the virion contains two glycoproteins: the E1 protein, which haemagglutinates, and the E2 protein, antibodies to which neutralize virus activity (Dalrymple et al., 1976) . Genomic SIN RNA has a mol. wt. of 4-3 x 106 and a sedimentation coefficient of 49S (Simmons & Strauss, 1972) . A viral 26S RNA species of 1.8 × 106 tool. wt. which is produced intracellularly during SIN virus infections, serves as the mRNA for the translation of the viral structural proteins (Simmons & Strauss, 1972; Rice & Strauss, 1981) . Saturation RNA-RNA hybridization using non-stringent conditions has shown that SIN virus 49S RNAs may be separated into two groups; SIN isolates from Europe, Africa and Israel form one group, and isolates from India, the Far East and Australia form a second group (Rentier-Delrue & Young, 1980) .
0000-6303
We have compared SIN virus isolates from several geographic regions by oligonucleotide fingerprinting of genomic 49S RNA, high-performance liquid chromatography (HPLC) tryptic mapping of virion structural proteins, and enzyme-linked immunosorbent assay (ELISA) and virus neutralization to characterize antigenic and genetic variation.
METHODS
Virus strains. Virus seeds were obtained from J. Dalrymple (U.S. Army Medical Research Institute for Infectious Diseases) and C. Calisher (Centers for Disease Control, Fort Collins). The virus isolates, the source of the isolates, and the geographic region and year of isolation are listed in Table 1 . Virus stocks were prepared by infecting Veto or primary Peking duck embryo cells at a multiplicity of 0.1 p.f.u./cell.
The virus was grown in Veto cells and purified by the method of Obijeski et al. (1976) as modified by Trent & Grant (1980) .
Polyacrytamide gel eleetrophoresis (PAGE) of virus proteins. Purified [3H]leucine-labelled virus was solubilized and the proteins were separated by discontinuous PAGE, adapted from Laemmli (1970) .
Serologicalanab'sis of SIN isolates. Plaque-reduction neutralization (PRNT) assays were performed as described by Monath et al. (1983) and anti-AR-339 polyclonal ascitic fluid. PRNT antibody titres were expressed as the reciprocal of the highest dilution that reduced the plaque titre by 80%.
The indirect ELISA was performed by the method of Voller et al. (1976) . Anti-AR-339 E2 glycoprotein monoclonal antibody was provided by J. Roehrig (Centers for Disease Control, Fort Collins). Antigen-antibody reactions were quantified with conjugated rabbit anti-mouse IgG alkaline phosphatase.
Oligonucleotidefingerprinting. The genomic 49S RNA was purified by the procedure of Monath et al. (1983) and Trent & Grant (1980) . Five to 10 ~tg of viral RNA was digested with 5 units ribonuclease T1 and the digested RNA 5'-labelled with 32p ([V_32p]ATP, New England Nuclear) as described by Trent et al. (1983) . Oligonucleotides were separated by two-dimensional electrophoresis, as described by De Wachter & Fiers (1972) and modified by Clewley eta[. (1977) .
Trvpticpeptide mapping ofstructuralproteins. SIN virus was labelled in vivo with either 400 ktCi [3H]lysine or 40 ~tCi [J4C]lysine. The El and E2 glycoproteins were separated on isoelectric focusing columns (LKB 8101) as described by France et al. (1979) . The capsid proteins were purified by fluorescamine derivatization and electrophoretic separation, as described by Kinney & Trent (1982) . Structural proteins were digested with 400 units trypsin in 1.0 ml of 0.05 M-ammonium bicarbonate (pH 7.85) for 24 h at 37 °C. Tryptic peptides were analysed by HPLC as described by Kinney & Trent (1982) .
RESULTS

PAGE analysis of the SIN virus structural proteins
Structural proteins of the AR-339 prototype SIN virus and six other selected SIN virus isolates were separated by electrophoresis so that their relative molecular weights could be compared.
Comparison of the migration mobilities of the E 1, E2 and capsid proteins revealed two distinct electrophoretic patterns (Fig. 1) . The structural proteins of the AR-339, AR-18132, Acrocephalus (Czechoslovakia) and Gresikova (Sicily) isolates all co-migrated ( Fig. 1 a, b, c, e) . The proteins of the MRM-18520, A-1036 and P-886 isolates had similar protein migration patterns which were distinct from those of the prototype strain (Fig. I d,f, g ). The electrophoretic mobility of structural proteins of other SIN isolates from Africa (MP-684) Israel (W32309), and Australia (C-377) (data not shown) also confirmed that structural proteins of viruses from Europe, Africa and Israel were similar in size and were distinct from the structural proteins of SIN isolates from India, the Far East and Australia.
Serological analysis of the SIN isolates
PRNT of SIN viruses with polyclonal antibody to prototype virus AR-339 revealed some variation although there was no more than a fourfold difference with respect to the prototype strain ( Table 2 ). The PRNT titres of AR-339 antibody reacting with European and African (MP-684) isolates were similar to that of the prototype strain; those of the Far East and Australian virus isolates were somewhat lower. All viruses reacted with anti-AR-339 neutralizing antibody, showing close serological relationships among the various SIN virus isolates.
Analysis of the viruses by ELISA with anti-E2 monoclonal antibody revealed differences in antigen-antibody reactivity ( Table 2 ). The isolate from Sicily reacted similarly to the AR-339 virus with homologous antibody. Two African isolates (AR-18132 and MP-684) showed less reactivity than did the prototype strain. The viruses from India (A-1036 and B-322/23/24), the Far East (MM-2215 and P-886) and Australia (MRM-18520 and C-377) failed to react at significant titres with the monoclonal antibody, suggesting antigenic differences in the reactive E2 epitope between these isolates and the prototype strain.
RNA fingerprint analyses of SIN viruses
Prototype SIN strain AR-339 and three other SIN isolates (AR-18132, A-1036 and MRM-18520) were used to represent viruses from the four zoogeographic regions (Paleoarctic, Ethiopian, Oriental and Australian) in which SIN virus is found (Table 1) . A comparison of the long oligonucleotides of these four SIN viruses clearly shows that the fingerprint of each virus is unique, indicating that they are distinct geographic genetic variants (Fig. 2) .
Comparison of the oligonucleotide fingerprints of the SIN virus isolates from Europe, Africa, India, the Far East and Australia with that of the AR-339 indicated that the Acrocephalus (Czechoslovakia), Gresikova (Sicily) and W32309 (Israel) virus isolates had identifiable patterns of oligonucleotide homology (Fig. 3) . The Acrocephalus and AR-339 SIN viruses differed by one oligonucleotide, missing the oligonucleotide number 2 found on the AR-339 fingerprint (Fig. 3b , Table 3 ). The fingerprint of the Gresikova virus was similar to that of the prototype virus AR-339, missing three of the long oligonucleotides (numbers 2, 3 and 5) present in the AR-339 fingerprint (Fig. 3 c, Table 3 ). Although the W32309 SIN isolate from Israel had antibody dilution that neutralized 80 % of the infectious some of the same oligonucleotides as the AR-339 isolate, it lacked 12 of the 37 oligonucleotides of the AR-339 fingerprint and contained 10 new oligonucleotides not found on the AR-339 fingerprint. This suggested that it shared a more distant relationship to the AR-339 virus than did either of the SIN isolates Acrocephalus or Gresikova (Fig. 3d , Table 3 ). SIN virus isolate 80V-2280 (Saudi Arabia) had a fingerprint quite similar to that of the W32309 virus (data not shown); it contained over 9 0~ of the long oligonucleotides of W32309, suggesting divergence between the SIN isolates from Israel and Saudi Arabia and those from Egypt and Europe. The fingerprint of MP-684 SIN virus from Uganda contained 35 of the 41 long oligonucleotides in that of the AR-18132 (South Africa) virus and one extra oligonucleotide not found on the AR-18132 fingerprint (Table 3 ). These two African SIN viruses appear to be genetically distinct variants of the other SIN viruses studied, although the serological relationships of this virus with the prototype AR-339 virus are quite similar ( Table 2) . Fingerprints of the A-1036 and B-322/23/24 SIN viruses from India showed a close relationship to each other. The B-322/23/24 fingerprint was missing one oligonucleotide (number 26) found in the A-1036 isolate and contained two new oligonucleotides (Table 3 ). The fingerprint of the Philippine isolate P-886 showed a distant relationship with the Indian isolates; it contained 75 ~o of the long oligonucleotides in common with the A-1036 virus and four new oligonucleotides not found on the A-1036 fingerprint (Table 3) Sindbis virus genetic var&tion , 5, [9] [10] [11] 17, 18, 4 26, 27, 12, 15, 17, 19, 30 2 1, 6, 7, 9, 12, 14, 9 15, 19, 29 * Zoogeographic region determined by mammalian migration barriers and described by Darlington (1957) . t Percent homology (< 50~o) determined by the number of co-migrating oligonucleotides with a reference strain.
++ The number of the oligonucleotide present in the reference strain but missing from the compared strain. § The number of new oligonucleotides missing from the reference strain. II Reference strain for a specific zoogeographic region. (Table 3 ). The fingerprint of the C-377 virus shared 38 of the 46 long oligonucleotides of the MRM-18520 isolate; it had two extra oligonucleotides not found on the MRM-18520 fingerprint. The MM-2215 virus was missing 10 oligonucleotides from the MRM-18520 fingerprint and contained nine new ones (Table 3) . Oligonucleotides 6, 7, 9, 12, 15 and 19 of the MRM-18520 fingerprint were missing in both the C-377 and MM-2215 fingerprints, indicating that the RNA sequence homologies of these two isolates may resemble each other more than they do the MRM-18520 viral RNA (Table 3) . The 26S mRNA of SIN AR-339 and MRM-18520 viruses was purified and oligonucleotides were fingerprinted (unpublished data). Long oligonucleotides of the 26S subgenomic RNAs of the two viruses were very different, indicating that the 26S RNAs of the two isolates have El, E2 and capsid tryptic peptides were co-chromatographed together with those of other viruses. The elution profiles of the three structural proteins were distinct, with 14 to 16 distinguishable peptide peaks being resolved in each. Repeated HPLC analysis of the viral proteins showed minor variations in retention times and relative peak heights (Kinney & Trent, 1982) . Capsid protein peptides showed poor peak resolution after fraction 150; therefore, peptides that eluted after that point were not considered. The tryptic maps of the E1 glycoproteins from AR-339 virus with those of Gresikova and B-322/23/24 are shown in Fig. 4 . Differences between the tryptic peptide maps of co-digested and co-chromatographed proteins are marked by arrows. Only the 1~C and 3H peaks with identical retention times were considered to represent identical peptides. The E 1 peptide profile of the Gresikova isolate was very similar to that of AR-339 virus, differing by only two peptides (Fig. 4a, Table 4 ). The E1 peptide maps of Indian isolate B-322/23/24 differed from that of AR-339 by 17 peptides (Table 4) (Table 4) . Australian SIN isolates C-377 and MRM-18520 differed from the prototype virus by 18 and 21 peptides. These data indicated that isolates from India and Australia share relatively few E1 tryptic peptides with the Egyptian AR-339 virus (Fig. 4b, Table 4 ). Tryptic maps of the E2 glycoproteins of the AR-339 isolate with the Gresikova and B-322/23/24 SIN isolates are shown in Fig. 5 . The Gresikova E2 peptide map differed by only one peptide from AR-339 (Fig. 5a, Table 4 ). The B-322/23/24 isolate differed by 19 peptides (Fig. 5b, Table 4 ). The E2 peptide maps of isolates from India and Australia differed from the prototype virus by 14 to 19 peptides, showing few E2 peptides in common with AR-339 virus (Table 4) .
Comparative HPLC tryptic peptide map analysis of Sindbis virus structural proteins
Tryptic maps of the capsid proteins showed that the Gresikova and AR-339 isolates were quite similar (Fig. 6a, Table 4) . However, the B-322/23/24 capsid protein differed fron AR-339 by seven peptides (Fig. 6 b, Table 4 ). Capsid proteins of A-1036, B-322/23/24, and MRM-18520 isolates differed by eight and 12 peptides, respectively, following the pattern of greater peptide variation in SIN viruses from these geographic regions (Table 4 ). The peptide patterns of the capsid proteins were the most conserved among the SIN isolates; E1 and E2 glycoproteins showed a similar divergence from the AR-339 prototype virus. DISCUSSION Rentier-Delrue & Young (I 980) concluded on the basis of non-stringent hybridization of SIN virus 49S RNAs that the genomic RNA could be separated into two divergent groups: one group composed of virus isolates from Europe and Africa and a second group containing isolates from India, the Far East and Australia. The studies reported here confirm this divergence in genomic RNA and indicate that SIN virus genetic variation has resulted in biochemical alterations in the virion structural proteins.
Several lines of biochemical evidence support this conclusion. At a structural level, the virion E1 and E2 glycoproteins and the capsid protein of SIN isolates from Europe and Africa are larger than the corresponding proteins of virus isolates from India, the Far East and Australia. Monoclonal antibody to the E2 glycoprotein of the European and African SIN isolates clearly demonstrated variation in at least one of the E2 epitopes. Only SIN viruses from Europe and Africa reacted with antibody to this particular AR-339 E2 glycoprotein epitope; SIN viruses from the other geographic regions did not contain the AR-339 E2 epitope. Virus neutralization with polyclonal AR-339-neutralizing serum did not reveal this reactivity: however, variations in PRNT titres were noted among the different isolates analysed. The SIN AR-339 hyperimmune serum was generally less efficient in neutralizing virus isolates from the Far East and Australia than the European and African viruses.
Although the monoclonal antibody used in the ELISA is specific for E2, it demonstrated haemagglutination inhibition activity, which may be due to steric hindrance by interfering with the haemagglutinating epitope(s) on the E1 glycoprotein (J. T. Roehrig, unpublished data). Development of monoclonal anti-E2 neutralizing antibodies to the viruses from India, the Far East and Australia should permit a more definitive examination of divergent and conserved epitopes involved in virus neutralization.
Tryptic peptide map analysis of the structural proteins revealed the greatest variation from AR-339 SIN virus when peptides of SIN isolates from India and Australia were compared. The tryptic peptide maps of both E1 and E2 glycoproteins indicate a close relationship between the Gresikova isolate and AR-339 virus. The African SIN isolates, while showing more variation in the glycoproteins than did the Gresikova virus, co-eluted with many of the AR-399 peptides. The isolates from India and Australia appear more distantly related to the prototype virus, with numerous peptides that did not co-elute with those of the AR-339 internal standard. The tryptic peptides of the E 1 envelope glycoprotein were the most conserved of the structural proteins, as reflected in the observation that all members of the alphaviruses contain a serologically related haemagglutinin (Karabatsos, 1975 ; Dalrymple et al., 1976; Kinney & Trent, 1982) . The E1 and E2 glycoproteins of the viruses displayed similar degrees of variation from the prototype, although the greater selective pressure on the neutralizing antigen epitope of the E2 glycoprotein might be expected.
Ribonuclease T1 oligonucleotide fingerprinting for characterization of genetic variation among RNA-containing animal viruses has been well documented. Young et at. (1979) used oligonucleotide fingerprinting to show that several 1977 H1N1 influenza viruses differed by point mutations which were scattered throughout the genome. RNA sequence homologies differing by more than 10~o usually give completely different fingerprint maps (Young et al., 198 l) . Therefore, T1 oligonucleotide fingerprint mapping is a useful tool only when closely related viruses are analysed (Aaronson et al., 1982) . The technique's value is questionable in detecting homologous RNA regions differing in overall sequence homology by more than 10~ . Fingerprinting cannot define conserved regions of the genome, which can only be done by nucleotide sequence analysis. The conserved and varied regions of the genomes of SIN isolates from diverse zoogeographic regions may be more specifically identified by monoclonal antibodies and nucleotide sequence analysis. Young (1980) .
Oligonucleotide map analysis of the SIN virus 49S genomic RNAs has proven to be the most sensitive indicator of genetic variation used in this study. Rentier-Delrue & Young (1980) found that under stringent conditions of hybridization (Tin 27 °C) between genomic SIN RNAs of different geographic regions the sequence homology was much less than 90 ~o. The Acrocephalus and Gresikova SIN virus isolates had oligonucleotide fingerprints very similar to that of the AR-339 prototype, sharing 98~ and 93~ of the AR-339 oligonucleotides, respectively. The fingerprint of the W-32309 isolate from Israel was less similar to the prototype than the European isolates, but shared many oligonucleotides with the AR-339 virus. Surprisingly, the African isolates, AR-18132 and MP-684, were very different from the prototype virus, which was isolated in Egypt. Wengler et al. (1977) reported only one oligonucleotide difference between the prototype virus and the AR-86 isolate from South Africa. The genomic RNAs of SIN viruses isolated in India, the Far East and Australia were very different from the prototype by fingerprinting. Fingerprints of the Indian and Australian viruses were different from each other, suggesting further divergence in the genomic RNAs of viruses in these geographic regions. The P-886 and MM-2215 SIN viruses both appear to share some oligonucleotides with the Indian and Australian isolates; the P-886 Philippine isolate shared more oligonucleotides with the Indian viruses; the MM-2215 Malaysia isolate was more related to the Australian viruses. Darlington (1957) described six zoogeographic regions denoted by migration barriers for mammals. Sindbis virus is found in four of these regions : the Paleoarctic, Ethiopian, Oriental and Australian regions. The SIN isolates we have studied are presented in Table 5 according to their 49S RNA fingerprint homologies and geographic distribution, together with the RNA homology groupings based on the stringent hybridization data of Rentier-Delrue & Young (1980) . Oligonucleotide fingerprints of the SIN viruses support the homology and zoogeographic groupings of SIN virus isolates determined by stringent hybridization of SIN genomic RNAs, although oligonucleotide homologies were consistently lower than the RNA homologies reported by Rentier-Delrue & Young (1980) . The tryptic peptide analyses of the SIN virion proteins further support these SIN groupings by showing a close relationship between SIN viruses in the Paleoarctic zoogeographic region and the AR-339 prototype virus. A comparison of the results indicates that SIN viruses in a given zoogeographic region are restricted to that region even though birds, the major vertebrate host of the virus, are not restricted to them. Our data cannot determine whether this genetic variation among the SIN isolates is the result of genetic drift or unique adaptations to their zoogeographic origins.
